The equine herpesvirus 1 (EHV-1) homolog of herpes simplex virus type 1 ICP22 is differently expressed from the fourth open reading frame of the inverted repeat (IR4) as a 1.4-kb early mRNA and a 1.7-kb late mRNA which are 3' coterminal (V. R. Holden, R. R. Yalamanchili, R. N. Harty, and D. J. O'Callaghan, J. Virol. 66:664-673, 1992). To extend the characterization of IR4 at the protein level, the synthesis and intracellular localization of the IR4 protein were investigated. Antiserum raised against either a synthetic peptide corresponding to amino acids 270 to 286 or against a TrpE-IR4 fusion protein (IR4 residues 13 to 150) was used to identify the IR4 protein. Western immunoblot analysis revealed that IR4 is expressed abundantly from an open reading frame composed of 293 codons as a family of proteins that migrate between 42 to 47 kDa. The intracellular localization of IR4 was examined by cell fractionation, indirect immunofluorescence, and laser-scanning confocal microscopy. These studies revealed that IR4 is localized predominantly in the nucleus and is dispersed uniformly throughout the nucleus. Interestingly, when IR4 is expressed transiently in COS-1 or LTK-cells, a punctate staining pattern within the nucleus is observed by indirect immunofluorescence. Cells transfected with an IR4 mutant construct that encodes a C-terminal truncated (19 amino acids) IR4 protein exhibited greatly reduced intranuclear accumulation of the IR4 protein, indicating that this domain possesses an important intranuclear localization signal. Western blot analysis of EHV-1 virion proteins revealed that IR4 proteins are structural components of the virions. Surprisingly, the 42-kDa species, which is the least abundant and the least modified form of the IR4 protein family in infected cell extracts, was the most abundant IR4 protein present in purified virions.
The equine herpesvirus 1 (EHV-1) genome encodes at least 77 genes (12, 13, 21, 47) which are expressed in a coordinately regulated and sequentially ordered fashion as immediate-early (IE), early, and late genes (6, 13) . In contrast to herpes simplex virus type 1 (HSV-1), EHV-1 possesses only one IE gene (inverted repeat gene 1 [IR1]) (12, 13, 14, 17) . The IR1 gene (i) is located within each inverted repeat and encodes a polypeptide of 1,487 amino acids (aa) (12, 14, 17) , (ii) exhibits extensive homology to ICP4 of HSV-1 and ORF62 of varicellazoster virus (VZV) (14) , and (iii) is transcribed to yield a 6.0-kb spliced transcript (12, 17) that is translated to yield multiple IR1 protein species (5, 42) . To elucidate the function of the IR1 proteins, our laboratory has used transient transfection assays to demonstrate that the IR1 proteins can (i) trans activate EHV-1 and heterologous promoters, (ii) trans repress the IE (IR1) promoter, and (iii) synergistically act with the UL3 gene product (ICP27 homolog) to trans activate late promoters (29, 44, 45, 55) . In addition to the IR1 gene, a second regulatory gene, IR2, maps within the IE sequence and is expressed as an early 4.4-kb mRNA that is 3' coterminal with the 6.0-kb IR1 mRNA. The IR2 open reading frame (ORF) encodes a truncated (aa 323 to 1487) form of the IE protein (19 activating functions; however, the IR2 protein possesses transrepressing functions (46) .
EHV-1 genes that possess homology to three (ICPO, ICP27, and ICP22) other HSV-1 IE genes have been identified (3, 22, 47, 54) , but each of these potential regulatory genes is expressed as an early gene. A detailed understanding of the function of these EHV-1 genes is lacking. The EHV-1 ICPO homolog, ORF63 (47) , possesses a low level of homology to HSV-1 ICPO; however, the potential gene product of ORF63 of EHV-1 KyA (3) and Ab4 (47) retains the zinc finger motif found in HSV-1 ICPO. The UL3 gene product, termed ORF5 in the Ab4 strain of EHV-1 (47) , is an ICP27 homolog that functions synergistically with the IR1 gene product to trans activate late promoters (29, 44, 45, 55) . Recent studies have shown that UL3 alone can up-regulate the expression of the EHV-1 IE promoter; however, UL3 by itself does not efficiently trans activate early or late promoters (55) . The EHV-1 IR4 gene, one of six genes located within each inverted repeat segment (4, 14, (21) (22) (23) , exhibits homology to the US1 gene (ICP22) (30) of HSV-1 and to the ICP22 homologs of VZV (ORF63) (8) , pseudorabies virus (Rsp4O) (53) , (ORF4) (7) , and herpesvirus of turkeys (Us ORF1) (52) . The IR4 gene is transcribed to a major early transcript of 1.4 
MATERUILS AND METHODS
Cell culture and virus. The Kentucky A strain (KyA) of EHV-1 was propagated in L-M cells, and its titer was determined by plaque assay as described elsewhere (33, 34) . The Ab4 strain of EHV-1, a generous gift from E. R. Telford, was passaged in equine NBL-6 cells as previously described (47) .
Generation of viral DNA clones. Plasmid pATH23IR4 was generated by digesting the pSIA5 construct (22) Isolation of the TrpE-IR4 fusion protein. The pATH23IR4 construct was transformed into E. coli TB1, and the TrpE-IR4 fusion protein was isolated as described previously (16, 18, 27) .
Preparation of IR4 anti-peptide serum and TrpE-IR4 antiserum. The generation of IR4 anti-peptide serum was performed as described elsewhere (9, 15) . Briefly, the antigen program (25) TrpE-IR4 antiserum was prepared as described previously (16, 18 (15) . In vitro transcription and translation. The methods used for in vitro transcription and translation have been extensively described elsewhere (19) .
Western immunoblot and SDS-PAGE analyses. Infected and transfected cell monolayers were harvested in 1 x sample buffer (2% sodium dodecyl sulfate [SDS], 10% glycerol, 5% 2-mercaptoethanol, 0.1% bromophenol blue, 62.5 mM TrisHCl, pH 6.8), passed through a syringe multiple times, boiled 5 min, and centrifuged briefly in an Eppendorf microcentrifuge. The samples were then subjected to SDS-polyacrylamide gel electrophoresis (PAGE). After fractionation of proteins through a 5% polyacrylamide stacking gel and a 10% polyacrylamide resolving gel, the proteins were transferred to a nitrocellulose membrane (Schleicher & Schuell, Inc. Transfections. Mouse L-M cells, hamster embryo (HE) fibroblasts, and COS-1 cells were transfected as described previously by Smith et al. (44) .
Cell fractionation. L-M cell monolayers were mock infected or infected with EHV-1 at a multiplicity of infection of 10 PFU per cell. The infected cells were harvested at 18 and 24 h postinfection and were fractionated into cytoplasmic and nuclear fractions as described elsewhere (11) . Equal amounts of each fraction were analyzed by SDS-PAGE, the proteins were transferred to nitrocellulose, and Western blot analyses were performed using the TrpE-IR4 antiserum at a 1:10,000 dilution.
Indirect immunofluorescence. Semiconfluent monolayers of HE cells grown on coverslips (25 by 75 mm) were mock infected or infected with EHV-1 (10 PFU per cell). Coverslips Shown below the ORFs are regions of the IR4 ORF to which antisera were generated. Abbreviations: UL, unique long; IR, inverted repeat; Us, unique short; TR, terminal repeat.
were rinsed in PBS, fixed in ice-cold acetone (5 min at -20°C), air dried, and stored at -20°C until used. Coverslips were rehydrated for 10 min in PBS and incubated in a humid atmosphere for 30 min with normal goat serum (1:10 dilution in PBS) to block nonspecific antibody binding. Coverslips were washed with PBS and incubated for 45 min with preimmune rabbit serum or TrpE-IR4 antiserum (1:2,000 dilution in PBS containing 1% bovine serum albumin). Coverslips were washed extensively in PBS, incubated for 45 min with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG or tetramethyl rhodamine isothiocyanate-conjugated goat anti-rabbit IgG (Pierce, Rockford, Ill.), and washed again in PBS. All incubations were performed at room temperature. The coverslips were mounted on glass slides and viewed with a Nikon Optiphot microscope equipped with an episcopic-fluorescence attachment and a B-1A filter block.
Laser-scanning confocal microscopy. Slides were prepared as described in the "Indirect immunofluorescence" paragraph and were examined using a BIORAD MRC 600 laser scanning confocal microscope. The generated immunofluorescence images were analyzed using the BIORAD-COMOS software.
Purification of EHV-1 virions. EHV-1 virions were purified as described elsewhere (33, 34) . The virions were separated into envelope and nucleocapsid-tegument fractions as described by Harty et al. (16) .
RESULTS
Generation of IR4-specific antisera. IR4-specific antisera generated against a bacterially expressed TrpE-IR4 fusion protein (aa 13 to 150) and against an IR4 synthetic peptide (aa 270 to 286) were used to identify the IR4 gene product and characterize its synthesis and intracellular localization. To isolate the TrpE-IR4 fusion protein, the pATH23IR4 expression construct (Fig. 1) was transformed into E. coli TB1 cells and the TrpE-IR4 fusion protein was induced (Fig. 2) . The TrpE-IR4 fusion protein was identified by culturing induced TB1 cells, induced pATH23-transformed TB1 cells, uninduced pATH23IR4-transformed TB1 cells, and induced pATH 23IR4-transformed TB1 cells (Fig. 2, lanes 2 (Fig. 3A,  lane 3) . These four proteins were not present in reactions in which pGEMR4(469) RNA was absent (Fig. 3A, lane 2) . Interestingly, the IR4 469-aa ORF was predicted to encode a protein of 49.9 kDa; however, the largest protein migrated at 66 kDa. The aberrant migration of this protein may be the result of the unusual amino acid content of IR4 (22) .
The IR4 in vitro expression vector pGEMR4(469) was employed to demonstrate the specificity of the IR4 antisera. The IR4 in vitro-translated products synthesized from the pGEMR4(469) construct were immunoprecipitated with the IR4 anti-peptide serum and the TrpE-IR4 antiserum ( Fig. 3B  and 3C ). The IR4 anti-peptide serum reacted with the 66-, 42-, and 39-kDa proteins synthesized from the pGEMR4 (469) plasmid (Fig. 3B) . Moreover, the TrpE-IR4 antiserum was also able to recognize the 66-, 42-, and 39-kDa proteins (Fig. 3C ). (Fig. 3, lane 3 ) synthesized in vitro did not react with the IR4-specific antibodies ( Fig. 3B and C) . This protein may be the product of a small ORF located at the 5' end of the ORF of 469 codons (22 (Fig.  4) . In addition, a smaller protein species of 39 kDa was detected, but at levels considerably lower than those of the 42-to 47-kDa species. The IR4 proteins were first detected at 3 h postinfection and increased in abundance up to 24 h postinfection (data not shown). In vitro translation of the pGEMR4(469) construct revealed that a protein encoded from the 469-aa ORF migrates at 66 kDa; however, a 66-kDa protein was not detected in EHV-1-infected cells (Fig. 4) . Repeated analyses of both EHV-1-infected L-M cells and equine NBL-6 cells failed to reveal the presence of the 66-kDa species. It is possible that this protein is made in very small amounts beyond the sensitivity of this assay. The 42-to 47-kDa protein species are believed to be translated from the early 1.4-kb IR4 transcript, since the expression pattern of the 42-to 47-kDa species resembles that of the early 1.4-kb transcript and mapping of the termini of this transcript revealed that its 5' end is located immediately upstream of an ORF of 293 aa (22) .
In with proteins expressed from COS-1 cells transfected with pcDR4R which contains the IR4 293-aa ORF cloned in the reverse orientation downstream of the human cytomegalovirus major IE promoter (data not shown). However, the antiserum to the TrpE-IR4 fusion protein did react with proteins expressed in COS-1 cells transfected with the IR4 expression vector (pcDR4) (Fig. 5, lane 2) . These proteins migrated similarly to the IR4 proteins observed in EHV-1-infected cells. These data indicate that the 42-to 47-kDa proteins identified in EHV-1-infected cells are expressed from the IR4 293-aa ORF. Interestingly, the 293-aa ORF is predicted to encode a protein of 32.8 kDa (22) .
Intracellular localization of IR4. To characterize the cellular localization of IR4, mock-infected or EHV-1-infected L-M cells harvested at 18 and 24 h postinfection were separated into cytoplasmic and nuclear fractions as described by Gibson (11 analysis. The antiserum to the TrpE-IR4 fusion protein did not react with mock-infected HE cells (Fig. 7A) , and the preimmune antiserum exhibited no reactivity to EHV-1-infected cells (Fig. 7B) . However, the TrpE-IR4 antiserum reacted with EHV-1-infected HE cells and yielded a diffuse pattern of fluorescence within the nucleus. This diffuse pattern was first detected at 3 h postinfection (Fig. 7C ) and remained diffuse during the EHV-1 infection (Fig. 7D , E, and F). In addition, this diffuse staining pattern was observed in equine NBL-6 cells infected with EHV-1 strain Ab4 (data not shown). Laser-scanning confocal microscopy was performed to characterize more definitively the distribution of IR4 protein species in EHV-1-infected cells. Mock-infected or EHV-1-infected HE cells were fixed, reacted with the TrpE-IR4 antiserum, and viewed with a BIORAD MRC 600 laser-scanning confocal microscope. The results from the confocal microscopy analyses (Fig. 8) confirmed that IR4 is localized to the nucleus (Fig. 8A) . Furthermore, using confocal microscopy, the cells were optically sectioned, and the diffuse staining pattern was shown to occur throughout the nucleus (Fig. 8B) and not to be located at the nuclear membrane.
The IR4 expression construct pcDR4 was transfected into COS-1 cells and indirect immunofluorescence was performed to characterize the intracellular localization of the IR4 protein in the absence of other EHV-1 proteins (Fig. 9) . The staining pattern of IR4 was distinct, in that punctate regions were observed within the nucleus of the COS-1 cells (Fig. 9D) . These punctate regions were not detected in untransfected COS-1 cells (Fig. 9A) , pcDR4R-transfected COS-1 cells (Fig.  9C) , or pcDR4-transfected cells reacted with preimmune serum (Fig. 9B) protein in EHV-1 particles, purified virions were separated into envelope and tegument-nucleocapsid fractions as described previously (16) . The proteins within the envelope and nucleocapsid-tegument fractions were separated by SDS-PAGE, blotted to nitrocellulose, and subjected to Western blot analyses by using both the antiserum to the TrpE-IR4 fusion protein and the antiserum to the IR4 peptide. For positive controls, both the envelope and tegument-nucleocapsid fractions were reacted with an EHV-1 gD anti-peptide serum (9) or an antiserum which recognizes the EHV-1 ULl polypeptide (16) . As expected, the glycoprotein D (gD) which is a component of the viral envelope was found predominantly within the supernatant fraction (data not shown), whereas the ULl protein was found within the nucleocapsid-tegument fraction as previously reported (16) (data not shown). The TrpE-IR4 antiserum and the IR4 anti-peptide serum both reacted with the IR4 protein in the nucleocapsid-tegument fraction (Fig. 10,  lanes 1 and 5, respectively) . Neither the IR4 anti-peptide serum nor the TrpE-IR4 antiserum showed reactivity with the supernatant fraction (Fig. 10, lanes 2 and 6, respectively) , indicating that the IR4 proteins are not present in the virion envelope. Surprisingly, the less abundant and faster migrating 42-kDa species is the most predominant form of IR4 protein found in the virion. Additionally, a minor species of 39 kDa was also observed.
DISCUSSION
We previously identified the EHV-1 homolog of the HSV-1 ICP22 IE gene to be the fourth ORF (IR4) of the inverted repeat segment and showed that IR4 is differentially expressed as a 1.4-kb early mRNA and a 1.7-kb late mRNA that are 3' coterminal (22) . To extend the characterization of the EHV-1 ICP22 homolog, the synthesis and intracellular localization of the IR4 protein were investigated. Antisera raised against a synthetic peptide (residues 270 to 286) and against a TrpE-IR4 Although ICP22 homologs have been identified in a variety of alphaherpesviruses (7, 8, 22, 30, 49, 52, 53) , the function of ICP22 and its homologs has not been ascertained. Biologically, the ICP22 protein has been shown to contribute to neurovirulence (43) . The role of the HSV-1 ICP22 protein in the establishment of latency is doubtful since HSV-1 ICP22 mutants can establish latency in both mice and rabbits (32, 43) . The ICP22 protein has been shown to be nonessential for viral replication; however, ICP22 deletion mutants are growth restricted in some cell types (35, 36, 43) . Characterization of the HSV-1 ICP22 protein has shown that (i) ICP22 is a nuclear protein that is extensively modified posttranslationally by phosphorylation and nucleotidylation which results in the generation of five species of ICP22 protein (1, 2, 39, 40, 48) , (ii) ICP22 is one of the major substrates of the HSV-1 UL13 protein kinase because deletion of the UL13 gene disrupts the normal ICP22 protein profile (40) , and (iii) the ICP22 protein directly or indirectly affects the expression of the HSV-1 IE ICPO gene and certain late genes (39) .
The data presented here show that IR4 exists as a series of proteins migrating from 42 to is expressed as multiple proteins of 52 to 57 kDa that are extensively phosphorylated (20) . The (47) , suggesting that this ORF may not be functional in vivo.
Results of the subcellular fractionation indicated that IR4 protein is equally dispersed in both the nucleus and the cytoplasm. However, indirect immunofluorescence and laserscanning confocal microscopic analyses revealed that IR4 is predominately localized in the nucleus and displays a diffuse nuclear staining pattern. This observed difference may be the result of the lysis of the nuclear membrane during the fractionation procedure, resulting in contamination of the cytoplasmic fraction with nuclear proteins. Inasmuch as ICP22 and p55 have been shown to be nuclear proteins by subcellular fractionation (20, 48) , this is the first report demonstrating the nuclear staining pattern of either ICP22 or its homologs. In addition to characterizing the staining pattern of IR4, preliminary experiments were performed to identify the NLS of IR4. This NLS domain is conserved between the IR4 protein of EHV-1 and the ORF4 protein of the S region of EHV-4 (7, 22) . The sequence of p55 has not been published; thus, it is not known whether this NLS is conserved in p55. When constructs expressing the IR4 ORF are transfected into COS-1 or LTKcells, the IR4 protein displays a punctate staining pattern which is quite different from that seen in EHV-1 (KyA or Ab4)-infected cells. A similar observation has been made for ICPO of HSV-1. The ICPO protein, when transiently expressed, displays a punctate staining pattern; however, when transiently coexpressed with the ICP4 protein, the ICPO protein displays a diffuse localization within the nucleus, a pattern similar to that seen in HSV-1-infected cells (10 
